The paper presents an approach for making real-time three-dimensional vector flow imaging. Synthetic aperture data acquisition is used, and the data is beamformed along the flow direction to yield signals usable for flow estimation. The signals are cross-correlated to determine the shift in position and thereby velocity. The data can be beamformed after reception in any direction and any vectorial velocity can be found. More than 60 independent velocity volumes can be made per second with this approach.
I INTRODUCTION
One of the major problems of conventional ultrasound systems is that they only show a cross-sectional 2D image of the body, whereas the structures to image are three-dimensional. This problem has been addressed by many manufactures by making manually sweeping 3D scans, that can assemble data for a full volume. These systems are often cumbersome to use and any kind of motion will distort the image volume and potentially make it useless. It also precludes visualization of moving structures and real time imaging cannot be made, which removes one of the major advantages of ultrasound imaging.
Methods based on parallel beamforming has therefore been developed. The system made at Duke University [1, 2] uses a matrix transducer and parallel beamformation to generate 16 receive beams from one emission. The frame rate can then be maintained at 15 volumes per second, which is sufficient to visualize the moving heart. The acquisition rate is, however, not sufficient for generating flow images. Here 8 to 16 emissions must be made per direction in order to estimate the velocity, and this yield an unacceptable frame rate of 1 to 2 volumes per second for a full 3D volume. Alternative approaches are, thus, needed for generating a full 3D flow images.
A promising approach is synthetic aperture (SA) imaging. Here few elements are used in transmit, and signals from all elements in the receiving aperture can be measured by selecting different receive elements through multiplexing. The approach can yield dynamically focused images in both transmit and receive and the frame rate can be made very high.
Several authors have investigated SA imaging and has shown the benefits of the approach [3, 4, 5, 6] . Lockwood et al. [7, 8] described a real time 3D SA system, which used a rocking phased array system. The system can, however, not be used for flow imaging, due to the physical motion of the array. For a fixed array it is possible to use a recursive SA method for generating flow images [9, 10] . The approach can be generalized to three dimensions using a 2D array, and this is the method studied in this paper.
The major problem is devising such a system is how to handle the many elements of the 2D array transducer, and which elements to use. This is solved in the paper through multiplexing. The full aperture is sampled by using a 16 to 1 multiplexing and the number of active elements are hereby 256 for a 64 × 64 array. In Section II the basic approach is described and the velocity estimation is detailed in Section III. The performance of the approach is determined through simulations described in Section IV and the results from this are given in Section V.
II SYNTHETIC APERTURE FLOW ESTIMATION
A synthetic aperture image is made from a number of emissions. A pulse is emitted from a single or group of elements to form a spherical wave. Signals are then received on all elements and a low resolution image is formed. A new emission is made from a new point on the aperture, and the received signals are combined with the previous emission to make an image. A high resolution image is finally formed, when emis-sions have been made over the full aperture. A synthetic aperture image is, thus, acquired simultaneously in all directions over a number of emissions compared to the normal sequential image acquisition. This changes the way flow imaging is done.
It was demonstrated in [9] that synthetic aperture data can be used for velocity estimation. The underlying principle is that motion can be determined by comparing two measurements acquired at two different times. The key point is that the acquisitions must have been made using the same emissions and receive beamforming. The basic method acquires a full high resolution image and then a subsequent high resolution image is acquired. Data from these two images are correlated and the velocity found. It is also possible to continuously acquire high resolution images, so that data suitable for velocity estimation is continuously available.
III 3D FLOW IMAGING
The major problem in making a three-dimensional ultrasound image using a 2D array is the many transducer elements in the array and the scanning of the many lines in the volume. Both problems can be solved using synthetic aperture imaging.
Different elements can be sampled at the different emissions using multiplexing. Hereby the full 2D aperture can be covered over the N emissions for creating the full high resolution image. The number of active receive channels N r must be
where N x is the number of rows and N y the number of columns in the 2D array. A 64 × 64 arrays, thus, needs 256 receiving channels, when N = 16. The allocation of elements for such a sequence is shown in Fig. 1 . The numbers indicates the emission number in the sequence, and the block of elements used for each emission. They each consist of 16 × 16 = 256 elements, for which a spherical wave is formed in transmit. The same elements are also used in receive. For the next emission the multiplexers are positioned for block 2 and so forth. Measuring the signals from the elements for the full 16 emissions then cover the full aperture, and a high resolution image can be formed.
The received data is beamformed in direction of the velocity vector as described in [11] . The moving scatterers are then tracked along the flow direction, and the velocity magnitude is directly found. This is done by cross-correlating data from one high resolution image with the next high resolution image. The peak in the cross-correlation function is then located at the distanced traveled between emissions given by
where v is the velocity and T pr f is the time between two emissions. The cross-correlation function can be found for every emission using recursive imaging. A cross-correlation can be made between high resolution image number n and n + N, and the location of the peak will be at the same location as for n + 1 and n + 1 + N, if the velocity stays constant. The cross-correlations can then be directly added and the accuracy of the velocity estimate is hereby improved [11] .
IV SIMULATION METHOD
The performance of the velocity estimation method has been investigated using the Field II program [12, 13] . It uses spatial impulse responses to describe the ultrasound field and can be used for all transducer geometries, focusing and apodization schemes, and excitations. The received signals on the individual transducer elements are found from the summation of responses from a random collection of point scatterers.
The simulation is performed for every pulse emission, and the point scatterers are then propagated between pulse emissions according to the spatial velocity field. The flow is assumed laminar and parabolic with a velocity distribution of
where r is the radial position in the vessel, v 0 is the peak velocity at the center, and R is vessel radius. The propagation of the position r(t) of the individual scatterers is given by where r(t) is the position of the scatterer at time t. The parameters for the simulation is shown in Table 1 . Parabolic flow in a 10 mm radius vessel inclined at 60 degrees to the acoustical axis of the transducer was simulated using 50,000 point scatterers. The vessel's peak velocity was 0.3 m/s, the pulse repetition frequency 7.7 kHz and 800 emissions were simulated. The received signal of the 256 active elements were found individually, and stored in files for later beamformation.
r(t + T pr f ) = r(t) + v( r(t))T pr f ,

V RESULTS
A defocused field is emitted and a circular Hamming apodization is applied on the transmitting elements. A total of 16 emissions is made to cover the full aperture and acquire data from all 4096 elements. Eight groups of 16 emissions were used for making beams for the velocity estimation, and 6 independent cross-sectional flow images in the azimuth-axial direction could be made from the 800 simulated emissions. Data was formed in lines along the flow using the last 16 emissions to generate a high resolution directional signal. All signals with the same emission order were then used in stationary echo canceling to make the processing as realistic as possible. This was done by finding the mean value over all the signals and then subtracting this signal from the directional signals.
Data from the first 16 emission was then cross-correlated with data from the next 16 emissions. The cross-correlation function was then averaged for 128 emissions, and the loca- tion of the peak value, and thereby the velocity, was found. Velocity estimates were found for every 0.5 mm in the depth and elevation direction and the directional signals had a length of 20λ with a spatial sampling distance of dx = λ/20. The angle for the beamformation was input to the routine, but could also be determined from the B-mode volume image. Using this approach 60 velocity vector volumes to a depth of 10 cm can be made per second. Six cross-sectional velocity images were found from the simulated data. An example is shown in Fig. 2 , which shows a contour plot of the velocity estimates as the solid lines and the true velocity is shown as the dashed lines. There is 0.05 m/s between contours. The corresponding color flow image of the magnitude is shown in Fig. 3 .
From Fig. 2 is can be seen that the correct velocity magnitude can be estimated. At certain places the cross-correlation function finds an incorrect peak, but it is sufficiently rare, that it can be corrected with a suitable algorithm.
The performance has been found from all 6 independent images. The estimates were compared to the true velocity and the standard deviation was found within the vessel radius. Estimates with a deviation beyond 5 standard deviations were characterized as false peaks and were removed form the determination of the standard deviation. The mean standard deviation of the estimates was 0.0098 m/s over the whole vessel cross-section, which is 3.27 % relative to the peak velocity of 0.3 m/s. The bias was 0.023 m/s (7.54 %). False peaks were found mainly at the edges of the vessel due to the echocanceling, and the probability of false detection was 2.16 %.
VI CONCLUSION
The method presented can yield velocity estimate for a full three-dimensional volume at a rate of 60 volumes per second with a standard deviation of 3.27 %. The correct velocity magnitude can potentially be found for any velocity direction, when the flow angle is inserted into the routine. The approach uses a 64 x 64 element array connected to a 16-to-1 multiplexer. Using synthetic aperture imaging only makes it necessary to use 256 active transmit and receive channels at the same time, and the amount of electronics for data acquisition can therefore be kept at a level of a modern high end scanner.
No noise or other artifacts were introduced into the simulation. The performance will therefore be degraded in a real system, where chirp excitation should be used to increase the signal-to-noise ratio. Only one method for assigning the elements for emission and reception on the aperture was investigated. It is quite possible that other assignments will lead to better results, if the transmitting and receiving elements where arranged in another pattern.
